The responses of growth and feed efficiency to pelleted feed was investigated in 4-to 7-wk-old broiler chickens, and in 8-to 12-and 16-to 20-wk-old turkeys. In all cases, the growth and feed efficiency responses were linear within the ranges of dietary energy tested. When energy was added by carbohydrate supplementation, weight gain and feed efficiency responses were parallel for both mash and pellets, but due to the growth response to pellets, the elevation was higher for pellets than for mash. When energy was added by fat, the growth response to pellets also resulted in an increase in function elevation but the slope of the response was lower than in mash feeding, possibly due to a decline in pellet quality as dietary fat increased. Grinding of pellets completely abolished the growth and feed efficiency responses observed when the physical form was preserved. In chickens, comparisons of ground pellets to mash suggested some decline in nutritional quality due to the process of pelleting when either carbohydrates or fat were increased in the diets. In both chickens and turkeys, the feeding of pelleted diets resulted in an increase in abdominal fat.
INTRODUCTION
The feeding of pelleted feeds has become common practice, although estimates of the nutritional value of pellets relative to mash have been inconsistent (Calet, 1965) . Thus, questions regarding cost-benefit of pellets have been raised (Reece et al., 1985) . Early feeding trials suggested that pelleting improved both growth and feed efficiency (Patten et al., 1937; Heywang and Morgan, 1944) . These early observations were later confirmed in several bird species such as the chicken (Hussar and Robblee, 1962) , turkey (Blakely et al., 1963) , and Japanese quail (Angulo et al., 1993) . Despite this volume of evidence, Bayley et al. (1968) have been unable to detect any beneficial responses of growth and feed efficiency to pellet feeding. The variation in observations may be due to: 1) different quality of pellets used in the different studies or the use of different production procedures; 2) use of different species (chickens or turkeys) and different ages; 3) comparison of the effect of pelleting in feeds with variable energy levels due to differences in fat supplementation and fiber-containing ingredients.
Several mechanisms have been suggested to explain the effects of pelleting on performance variables. The decrease in diet volume and the large particle size were considered to facilitate feed or energy consumption and hence promote growth. The elimination of the growth effect when the pellets were ground (Arscott et al., 1957) may be taken as supporting this hypothesis. Growth promotion by itself may be sufficient to explain improvement in feed efficiency by pelleting. However, several additional effects of pelleting have been considered in this respect: 1) reduced energy expenditure in the process of feed consumption itself (Jensen et al., 1970; Jensen and Falen, 1973) ; 2) inactivation of heat-labile toxic factors in feeds (Alfred et al., 1957) ; and 3) improvement in digestion or utilization of feed ingredients, especially those high in fiber Olsen and Slinger, 1968) and chemical changes in dietary carbohydrates (Saunders et al., 1969) resulting in increased metabolizable energy values and increases in protein/amino acids bioavailability (Moran and Summers, 1970) . In contrast, Saunders et al. (1969) found that the overall digestion of starch was not affected by pelleting, possibly due to the excess of digestive enzyme present in the intestine and the passage rate of digesta through the intestine. Thus, the improvement in metabolizable energy by pelleting has not been substantiated (Bolton, 1960; Blakely et al., 1963; Sibbald, 1977; Francesch et al., 1994) .
The responses to pelleting are reminiscent of those observed with increasing nutrient (energy) density of the diets. Hence, expected interactions between pellet feeding and dietary energy have been observed (Fran-1 La Meccanica, 35013 Citadella, Padova, Italy. et al., 1994) . Interactions of dietary fiber and fat with pelleting have been previously reported McNaughton and Reece, 1984) . In the present study, the effect of pelleting in both broiler chickens and turkeys of different ages has been evaluated. In order to test interactions of pelleting with dietary energy from either fat or carbohydrates, incremental changes in energy of the experimental diets have been made by replacement of fiber-rich with carbohydrate-rich ingredients, on the one hand, and by replacement of fiber-and carbohydrate-rich ingredients with fat, on the other. It has been hypothesized that a change in the derivative of the function of growth or feed efficiency on energy indicates a change in energy utilization, and a change in elevation (response at the first supplementation level) of the function represents a basal change in the metabolic efficiency. The study also tested the importance of the physical form of the pellet in eliciting the observed effects by comparing pellets to reground pellets and the specific nutritional effect of the steam-pelleting process by comparing the ground pellets to mash.
MATERIALS AND METHODS

Experimental Procedures
Male Cobb chicks and male British United Turkey poults were used. The birds were raised in battery brooders situated at 24 C and continuous fluorescent light. During the experiments, the birds were kept at 20 C environments, in individual cages. Until the beginning of the experiments at the specified ages, all birds received standard diets designed to satisfy the recommendations of the National Research Council (1984) . Each treatment was applied to four replicate groups of 10 chicks or 6 turkeys. The experimental protocols were approved by the Committee for Animal Experimentation, The Agricultural Research Organization.
Linear programming was used for all diet computations. Energy concentration was varied by fat supplementation at the expense of soybean hulls and grain (fat supplementation) or by replacement of wheat bran by wheat (carbohydrate supplementation). The ratio of protein and essential amino acids to energy was kept constant in the restrictions for each of the diets.
Pelleting
Pellets were made with a laboratory version of a commercial pellet mill. 1 Pelleting was initiated by steam conditioning and the conditioned feed was then pressed through a 4-mm dye. The pellets were cooled and the small particles were screened off.
Statistical Analysis
Results were subjected to factorial analyses of variance (Snedecor and Cochran, 1967) . Regression functions were compared by analysis of covariance according to Snedecor and Cochran, 1967) . The probability of P ≤ 0.05 was considered significant.
RESULTS
Experiment 1
The purpose of this experiment was to compare the response of 4-wk-old broiler chickens to pelleted feeds. The experimental diets provided in mash or pellet form are shown in Table 1 . Energy was increased in the diets by carbohydrate supplementation.
Weight gain improved linearly with dietary energy supplementation within the entire tested range (P < 0.05), regardless of diet form ( Figure 1 ). Despite the tendency for some decrease in slope of the function for the pelleted diets, this effect was not significant (P > 0.05). Function elevation was increased significantly (P < 0.01) by pelleting. The response of feed efficiency was also linear, with a nonsignificant effect of pelleting on elevation and no significant change in the slope.
Abdominal fat was not significantly affected by dietary energy, but averaged 2.04 and 2.14% of body weight (SE = 0.14, P > 0.05) for the mash and pelleted diets, respectively.
TABLE 2. Composition of the experimental diets for 4 to 7-wk-old chickens, Experiment 3 to 4 1
1 Diets 1 to 3 were fed in Trial 3 and Diets 4 to 6 in Trial 4. Diet 7 was used in both trials. 2 The vitamin mixture supplied (per kilogram of feed): retinyl acetate, 2.7 mg; cholecalciferol, 42.5 mg; dl-a-tocopheryl acetate, 10 mg; menadione sodium bisulfite, 2 mg; riboflavin, 5 mg; Ca-pantothenate, 10 mg; niacin, 20 mg; cyanocobalamin, 0.01 mg; folacin, 0.5 mg; pyridoxine, 1.5 mg; biotin, 0.1 mg; choline chloride, 200 mg; ethoxyquin, 125 mg; bacitracin, 10 mg. 
Experiment 2
This experiment tested the hypothesis that the effect of pellets was related to their physical form, rather than to an improvement in nutritional quality due to the pelleting process itself, by comparing pelleted feeds with the same pellets after grinding to particles of less than 1 mm. Energy was varied in the diets given in Table 1 by carbohydrate supplementation. Again, both weight gain and feed efficiency were linearly enhanced by added energy (Figure 2 ). Elevation of both functions was significantly (P < 0.01) lower for ground as compared with intact pellets. The slope was not significantly changed, although it tended to be depressed for the ground pellets.
Again, abdominal fat was not significantly affected by dietary energy, but averaged 1.96 and 2.14% of body weight (SE = 0.15, P < 0.05) for the ground pellets and pelleted diets, respectively.
Experiment 3
In this trial the possible effect of steam pelleting on the nutritional value of diets was examined when energy was added by carbohydrates, by comparison of mash to ground pellets. The four experimental diets (Table 2) were mixed and pellets were prepared from one portion of the diet and then reground to a mash < 1 mm. The mash diets were also reground under the same conditions.
Although differences between the functions of weight gain on dietary energy were not large, feeding of the reground pellet resulted in a significant reduction in elevation (Figure 3 ). The functions of feed efficiency on energy were parallel with a significant reduction in elevation for ground pellets. For an unknown reason, the responses to Diet 2 were greater than expected on the basis of the calculated regression.
There was no significant affect of dietary energy on abdominal fat. There was also no significant difference due to feed processing -1.72 and 1.71% of body weight, in mash and ground pellets, respectively (SE = 0.12, P > 0.05).
Experiment 4
The aim of this trial was similar to that of the previous trial, but energy was increased by fat supplementation (Table 2) . Again, mash was compared to ground pellets. The responses of weight gain and feed efficiency were linear in all cases, within the energy range evaluated. Although growth and feed efficiency in this experiment were slightly lower in the reground pellets than in the mash diets, the differences between the functions were not significant (Figure 4) .
There was no significant affect on abdominal fat of dietary energy. There was also no significant difference due to feed processing -1.66 and 1.61% of body weight, in mash and ground pellets, respectively (SE = 0.14, P > 0.05).
Experiments 5 and 6
The purpose of these experiments was to evaluate the responses of turkeys of different ages to pelleting and to compare the value of energy added as carbohydrates in mash and in pelleted diets. The responses of 8-to 12-wk-old and 16-to 20-wk-old turkeys were tested in Experiment 5 and Experiment 6, respectively. The diets, given in Table 3 , were fed either in mash or in pelleted form. In both experiments, the responses to energy supplied by carbohydrates appeared to be linear (Figures 5 and 6) . In all cases, pelleting resulted in an increase in elevation (P < 0.01) without any significant change in slope. The responses were similar in both trials, suggesting no special effect of pelleting in the older (16 to 20 wk) compared with the younger (8-to 12-wk-old turkeys).
Abdominal fat was evaluated only in the 16-to 20-wk-old turkeys (Trial 6). Similar to observations in broiler chickens, abdominal fat was not affected signifi- cantly by dietary energy, but was significantly stimulated by pelleting: 0.595 and 0.942% of body weight in mash and pelleted feed, respectively (SE = 0.12, P < 0.01).
Experiments 7 and 8
In these experiments, the responses to pelleting were evaluated in diets in which energy was changed by fat supplementation. The experiments were conducted with 8-to 12-wk-old and 16-to 20-wk-old turkeys, respectively.
Both weight gain and feed efficiency (Figures 7 and 8) were significantly affected by pellet feeding. Similar to changes effected by carbohydrate (Figures 5 and 6 ), pelleting resulted in an increase in function elevation. In contrast with the results with carbohydrates supplementation (Figures 7 and 8) , the slopes of the responses to fat were diminished by pelleting for both ages.
Similar to observations in broiler chickens and in turkeys (Experiment 6), abdominal fat of the 20-wk-old turkey was not affected significantly by dietary energy, but was significantly stimulated by pelleting: 0.348 and 0.625% of body weight in mash and pelleted feed, respectively (SE = 0.12, P < 0.05).
DISCUSSION
Feed pelleting resulted in a large growth response and a moderate improvement in feed efficiency in both broiler chickens and in turkeys regardless of age, in agreement with other studies (Patten et al., 1937; Heywang and Morgan, 1944; Hussar and Robblee, 1962; Blakely et al., 1963) . Growth and feed efficiency increases were obtained only when feeding actual pellets; the grinding of the pellets completely abolished the responses, as previously observed by Arscott et al. (1957) . This finding is different from that of Hussar and Robblee (1962) , who found some residual beneficial effects on performance even in reground pellets. It can be shown that the small response of feed efficiency to pellet feeding is secondary to that on growth-an increase in the numerator and a smaller increase in the denominator. The results are therefore consistent with the hypothesis that links the growth response to facilitation of feed intake. The increased accumulation of carcass fat, associated with pellet feeding, supports this suggestion.
Within the ranges of energy tested, growth and feed efficiency responded linearly to dietary energy when in pelleted as well as in mash diets, in agreement with results of a previous study (Hurwitz et al., 1987) . Responses within the same range of energies may be sometimes governed by diminishing returns (Plavnik, unpublished data). The reason for this inconsistency is not clear.
When energy was varied by carbohydrate supplementation, the responses of growth and feed efficiency to energy in both mash and pelleted diets were parallel. Thus, the improvement of performance by pelleting is apparently not due to any increase in the availability of energy as suggested by Angulo et al. (1993) . However, a diminution of the slope of growth on energy is observed when energy was supplied by fat. A diminished response to pelleting of high fat diets has been observed in several studies (Pesti et al., 1983; McNaughton et al., 1984) . The reason for the decrease in slope of growth on dietary energy is not clear. One possibility could be the decline in pellet quality with fat supplementation and the dependence of the response on the physical form. This possibility was raised by Jensen and Falen (1973) in an effort to explain the diminished response to pellets containing 6% added fat.
The results are not indicative of any improvement of nutrient utilization by steam pelleting. This process did not result in any increase in the slope of the function of feed efficiency on energy, when energy was varied either by carbohydrates or by fat. The performance of birds fed the reground pellets was either not different or inferior to that of the mash. Furthermore, the slope of feed efficiency on energy was the same for mash and ground pellets regardless of the mode of energy supplementation. It may thus be concluded that any improvement of nutrient bioavailability by pelleting was either too small to affect the nutritional value of the feed, or that any beneficial changes were offset by some possible detrimental effects (Bayley et al., 1968) such as vitamin decomposition, fat oxidation, cysteine destruction, or interaction between nutrients such as the lysinecarbohydrate Maillard reaction (Moran and Summers, 1970) , thereby reducing their bioavailability. The slightly poorer performance of chicks fed ground pellets compared with mash argues for the latter possibility.
The present study provides a numerical description of the relationship between weight gain and dietary energy density. However, more information is required in order to account for the effect of sex and age, especially the 1st wk of life when the digestive capabilities are not mature, and regulation of energy intake is not effective.
